ABSTRACT
INTRODUCTION

Raspberry bushy dwarf virus (RBDV) is an RNA virus that infects plants in
Rubus species and is a widely distributed and important pathogen in cultivated red raspberry, blackberry and hybrid berries. The high incidence of the virus in some countries may be due to, e.g., propagation of infected genotypes (12) . Therefore, an early screening method is desirable to maintain a low incidence of the virus. In virus-infected crop plants, the foliar symptoms of infection may not always be visible (7) . The mechanical inoculation to herbaceous test plants to detect signs of infection is very tedious and time-consuming, and assays are usually made by immunological techniques like enzyme-linked immunosorbent assay (ELISA) (12) . However, immunological assays are not always sensitive enough, e.g., in the case of micropropagated plant material. Polymerase chain reaction (PCR)-based methods offer the possibility to markedly increase the sensitivity of virus detection. The in vitro amplification of specific DNA fragments by PCR is widely used for the identification of different organisms such as bacteria and viruses. PCR is also used for the amplification of RNA by means of cDNA templates produced by reverse transcription of RNA (RT-PCR). Because RNA and the RT reaction is very sensitive to impurities, RNA usually has to be purified before the assay.
The purpose of the present study was to develop a new method for RBDV analysis by combining the sensitivity of PCR to the ease of use of ELISA in a way that would allow a simple and sensitive analysis of multiple samples without a preliminary purification of virus particles or viral RNA. To minimize the steps and, therefore, the contamination risk in the immunocapture (IC)-RT-PCR, the reaction mixtures have been selected so that both reverse transcriptase and DNA polymerase are active in the lysis and amplification conditions. Viruses are enriched from the plant material by IC in PCR microplate wells (2, 9, 14) followed by lysis of the viral particles and combined RT-PCR (1) of the viral RNA in the same wells. The previously published IC-RT-PCR methods require the transfer of the sample from one tube to another or involve several subsequent steps in the same tube/well.
Using the present method, several RNA fragments from RBDV were amplified, and low levels of virus could be detected in plant samples in which their detection by conventional immunological methods is difficult, e.g., in vitrocultivated plants or frozen berries. The same principle should apply to the diagnosis of any nucleic acid containing particles.
MATERIALS AND METHODS
Plant Material
Leaves of arctic bramble ( Rubus arcticus L . ) were collected from the field and stored at 4°C. Arctic bramble was also micropropagated on modified MS medium (8) containing glucose (20 g/L), 6-benzyl-aminopurine (1.5 mg/L), indolebutyric acid (0.25 mg/L) and agar (7 g/L). The cultures were maintained at 21°-26°C with a 19-h photoperiod (tubes of mixed warm white and day light, 4500-6000 lux).
PCR Primers
The PCR primers were designed to amplify 245-, 520-, 597-and 872-bp fragments from RNA-3 (5) and a 319-bp fragment from RNA-1 of RBDV (15) . The primers were synthesized with an Applied Biosystems DNA synthesizer (Perkin-Elmer/Applied Biosystems Division, Foster City, CA, USA). The following primers were used for RNA-3 ( Figure 1A ): U1, 5 ′ -GCTGTTCCACCAATCGTTA-3 ′ ; U2, 5 ′ -TTCATCCTCCAAATCTCAGCA-AC-3 ′ ; L3, 5 ′ -CGTCGACGGCAC -CGCCCACCACA-3 ′ ; and L4, 5 ′ -GC -TATGCCGTTTATCTCAC-3 ′ (U, upper primer; L, lower primer).
Coating of the PCR Well or Tube with Antibody
Immobilization of the antibody was done by incubating an anti-RBDV antibody (1.5 µ g into 100 µ L of 0.1 M borate buffer, pH 8.5), raised in a hen (3) against a Finnish RBDV isolate, in round-bottom microplate wells (PVC, 2596; Corning Costar, Cambridge, MA, USA) overnight at room temperature. After incubation, the wells were washed twice with Tris-buffered saline (TBS)-Tween (140 mM NaCl, 10 mM Tris, pH 7.4, 0.05% Tween-20). The uncoated walls of the wells were blocked by TBS with 2% (wt/vol) nonfat powdered milk (PM) for 1 h at room temperature. After blocking, the wells were washed twice with TBS-Tween. Also, PCR tubes (0.5 mL, polypropylene; Treff Lab, Degersheim, Switzerland) were used in the antigen capture protocols. The antibody was immobilized to the walls of the polypropylene tubes in the same way as to the PVC wells or, alternatively, the polypropylene tubes were activated with 0.5% glutaraldehyde for 30 min at room temperature and washed twice with water before the antibody coating procedure. The coated plates or tubes were dried under vacuum and stored in sealed plastic bags at 4°C.
Sample Preparation and Immunocapture of Virus
The plant tissue (100 mg) was ground in a microcentrifuge tube with a shaped piston in 0.9 mL of extraction buffer (2% PM, 2% polyvinylpyrroli - incubation on a plate shaker at 4°C, the plate was washed five times with TBSTween. 
Lysis of Virus and Combined RT-PCR
Separate RT-PCR
The RT step was made according to the AMV reverse transcriptase assay conditions recommended by the manufacturer (Finnzymes; 50 mM Tris-HCl, pH 8.3, 6 mM MgCl 2 , 40 mM KCl, 4 mM dithiothreitol [DTT], 25 U RNasin, 2 mM lower primer, 15 U AMV reverse transcriptase), using purified total RNA of RBDV (a 1:4 dilution series from 0.2 pg to 0.048 fg) as the template. The purification protocol for the RNA of RBDV was as described by Murant (6) . The template RNA and primer in 10 µ L H 2 O were denatured at 70°C for 5 min and cooled to room temperature. The RT reaction mixture was added to the tubes and incubated for 1 h at 42°C. PCR was then run by using the newly synthesized cDNA (1/4 vol of RT reaction mixture) as a template. The PCR cycles and conditions were similar for both the separate (without RNasin and AMV-RT) and the combined RT-PCR methods and the experiments were run in parallel.
Analysis of the PCR Product
Samples of 10 µ L of the PCR products were analyzed by electrophoresis through a 1.2% agarose gel, in TAE buffer (40.0 mM Tris-acetate, 1 mM EDTA, pH 8.0) containing 0.5 µ g/mL ethidium bromide and visualized by UV-transillumination (10) .
RESULTS AND DISCUSSION
The method developed for the diagnosis of RBDV from infected Rubus plants is as follows:
Step 1, the crushed sample was incubated and captured by IC in the microplate well. Step 2, virus particles were lysed, RNA was denatured and lower primer annealed to denatured template.
Step 3, the upper primer and the RT-PCR mixture (RT-PCR buffer, RNase inhibitor and enzymes) were added, and both enzymatic reactions were done sequentially using a program described in the Materials and Methods. All steps were done in the same reaction well or PCR tube. The procedure can be further simplified by omitting the separate lysis step and starting the lysis and RT-PCR reactions directly at 42°C.
There was some antibody immobilization and antigen capture to the polypropylene PCR tubes even without any activation treatment. However, ELISA showed that activation of the polypropylene tubes with 0.5% 844BioTechniques
Vol. 20, No. 5 (1996) glutaraldehyde increases the coating efficiency by the antibody; compared to no activation, glutaraldehyde activation produces over twice the absorbance values in ELISA with horseradish peroxidase (HRP)-labeled antibody.
The reaction conditions recommended by the manufacturers for AMV reverse transcriptase and Dynazyme DNA polymerase favored the use of 0.1% Triton X-100 for the lysis of the virus particles. The presence of Triton X-100, thermolability and the pH of the reaction buffer may, however, limit the use of Moloney murine leukemia virus (MMLV) reverse transcriptase in the combined reactions (10) . The new recombinant forms of MMLV reverse transcriptase with mutated RNase H activity and tolerance to higher temperatures may offer new advantages and permit the use of new enzyme mixtures in the combined reactions (4, 13) . Taq DNA polymerase may be inhibited by AMV reverse transcriptase (11) . However, this can be overcome by changing the conditions in the combined RT-PCR (1). In the present study, AMV reverse transcriptase did not inhibit Dynazyme DNA polymerase activity.
All selected primers worked well in the preliminary test shown in Figure 1 . All primers also worked in IC-RT-PCR. For further studies, primers U2 and L3 were chosen. The sensitivity of the combined RT-PCR was compared with a method where the RT reaction was followed by a separate PCR in the PCR tubes ( Figure 2 ). The serially diluted RNAs were transcribed to singlestranded DNA and amplified by PCR in separate or in combined reactions. An equal amount of both reaction mixtures were run in agarose gel to compare the quantity of the amplified DNA fragments. The results indicated that the combined method was as sensitive as or even more sensitive than the separate reactions. The sensitivity of the combined IC-RT-PCR method in detecting RBDV viruses from in vitro plant material was studied by serially diluted homogenized plant tissue samples ( Figure  3) . The results showed that it is theoretically possible to detect the virus from less than 10 µ g of plant tissue.
We have also compared ELISA and IC-RT-PCR methods in RBDV analysis. Using infectedin vitro-propagated R. arcticusplants as test material, we found IC-RT-PCR to be 1000 times more sensitive than ELISA. This method thus allows the detection of RBDV also from in vitro-propagated plant tissues, where the levels of the viruses are often too low to be detected by ELISA. Unlike in ELISA, the plant tissue and species itself does not cause variable background in IC-RT-PCR.
The method can also be used to analyze RBDV in berries stored at -20°C for several years. In addition, IC-RT-PCR allows the differentiation of closely related but immunologically similar virus isolates by using different primers.
The method using pre-coated microplate wells is extremely sensitive and relatively rapid because it can be performed in less than 6 h. Contamination
